We have investigated electron magneto-tunneling through single self-assembled InAs quantum dashes (QDHs) coupled to metal nanogap electrodes. The samples operate as single electron transistors and exhibit clear shell structures, reflecting the anisotropic shape of the QDHs. In high magnetic fields, the samples exhibit strongly orbital-dependent large diamagnetic shifts and large electron g-factors in the range jgj > 3-11. The strong level-to-level fluctuation of the g-factors implies the presence of strong spin-orbit interaction in this system. These properties suggest that InAs QDHs are promising for the manipulation of single-electron orbital/spin states by external electric/magnetic fields.
C
ontrol of the spin degrees of freedom in semiconductor quantum dots (QDs) has been widely studied for quantum information processing and spintronic applications. [1] [2] [3] [4] [5] Self-assembled InAs QDs have unique atomlike properties and exhibit electrically tunable large electron g-factors and strong spin-orbit interactions, [6] [7] [8] which are important for the electrical/magnetic manipulation and readout of single charge/spin states in QDs. Self-assembled InAs quantum dashes (QDHs) with highly anisotropic wirelike shapes grown on (211)B-oriented GaAs substrates are larger than ordinary self-assembled InAs QDs. 9, 10) Large InAs nanostructures are known to be favorable for realizing electrically tunable large electron g-factors and strong spin-orbit interactions. QDHs are therefore good candidates for applications to spintronic and quantum information devices. In a previous paper, the basic transport characteristics of QDHs in the many-and few-electron regimes were discussed. 10) However, the electronic properties of QDHs in the magnetic field have not yet been characterized in detail.
In this work, we have investigated electron magnetotunneling through single self-assembled InAs QDHs coupled to ferromagnetic (FM) Ni nanogap electrodes for their application to spintronic devices. 4, 5) The fabricated QDH samples operate as single-electron transistors and exhibit clear shell structures, reflecting the anisotropic shape of InAs QDHs. Moreover, the samples exhibit orbital-dependent large diamagnetic shifts and large electron g-factors. By utilizing these properties of InAs QDHs, we may efficiently control single-electron orbital/spin states using external electric/ magnetic fields.
Self-assembled InAs QDHs were grown by molecular beam epitaxy on (211)B-oriented n + -GaAs substrates. After successively growing a 20-nm-thick Al 0.3 Ga 0.7 As barrier layer and a 200-nm-thick undoped GaAs buffer layer, InAs QDHs were grown at 490°C. 10) FM Ni metal source-drain electrodes with a nanogap (gap size: 30-50 nm) were formed directly on the QDHs by electron beam lithography. Prior to the metal deposition, the sample wafers were dipped into buffered hydrofluoric acid for 5 s to remove native oxides on the QDH surfaces. The n-type substrate was used as a backgate electrode to tune the electronic states in the InAs QDHs. 5, 10) Figure 1(a) shows a Coulomb stability diagram obtained by plotting the differential conductance dI/dV SD as a function of the source-drain voltage V SD and the backgate voltage V G . As seen in Fig. 1(a) , the conductance and size of the Coulomb diamonds strongly depend on the electron number N in the QDH, and the conductance gradually increases with increasing N [see also Fig. 2(a) ]; these tendencies indicate that the electron wavefunction in the QDH becomes more extended in space with increasing N.
11) Figure 1 (b) shows the addition energy as a function of N derived from Fig. 1(a) . The role of the anisotropic shape in the electronic properties of InAs QDHs was studied previously, 10) where the measured addition energy spectrum of a QDH sample was reproduced with spin-density-functional calculations, taking into account the geometry of the device as observed by SEM imaging. Here, we carried out spin-density-functional calculations for the sample shown in Fig. 1 . We found excellent agreement between the experimental and theoretical addition energies, as shown in Fig. 1(b) .
12) The inset shows the optimized confining potential that is found to have a shape with almost linear confinement in the transverse direction and slightly steeper, roughly third-order polynomial walls in the longitudinal direction. This confining potential shape is very different from that in the previously analyzed QDH sample (parabolic wall in the transverse direction and fifth-order polynomial wall in the longitudinal direction). 10) In the previous report, we used the top-gate structure to tune the electronic states in the QDHs and access the few-electron regime, which makes the confining potential shape more complicated because of the screening of the top-gate electric field by metal nanogap electrodes. Therefore, this variation may arise from how we apply the gate electric fields. The lateral confinement size of electrons in the QDH was determined to be ³110 © 50 nm 2 in the calculation, which is considerably smaller than the metallurgical size of the QDH seen in the inset of Fig. 1(a) . The difference suggests that in the few-N regime, the electrons are confined close to the center of the QDH. In addition, it is likely that a QDH longer than 300 nm may not be of a single domain and we detect electron tunneling only through one of the domains in the region surrounded by the red dashed line in the inset of Fig. 1(a) .
Figure 1(c) shows Coulomb peak positions as a function of magnetic field B perpendicular to the GaAs surface. It is found that two bunched Coulomb peaks (1st and 2nd, 3rd and 4th, etc.) exhibit almost the same conductance, as shown in Fig. 2(a) , and are well described by the same diamagnetic shift [see also Fig. 2(b) ]. Therefore, these paired peaks are attributed to the doublet states. Figure 2(b) shows the shift of the Coulomb peak positions with increasing B-field for the paired 3rd and 4th Coulomb peaks. Both curves are well described by the same diamagnetic coefficient Fig. 2(b) ]. Figure 2 (c) shows the Bfield evolution of the gate voltage spacing ¤V G for the paired 3rd and 4th Coulomb peaks. ¤V G increases linearly with increasing B-field, indicating the lifting of the spin degeneracy owing to Zeeman splitting. From this behavior, the electron g-factor is determined to be «g« ³ 4.5 for these doublet states. Figure 2(d) shows the B-field dependence of the ground states derived by subtracting the contribution of charging energy from the data in Fig. 1(c) and converting the vertical axis into an energy scale by multiplying the conversion factor ³55 « 2 meV/V defined as the conversion ratio of V G into energy. The conversion factor was determined from the Coulomb stability diagram in Fig. 1(a) . It is found that this QDH has a very large orbital quantization energy difference ¦E ³ 10-20 meV. Moreover, in Fig. 2(d) , we can clearly see the lifting of spin degeneracy by Zeeman splitting as well as the diamagnetic Coulomb peak shift and their orbital dependence. The absolute value of the electron gfactor and the diamagnetic coefficients for each orbital state are derived from the data in Fig. 2(d) and summarized in Table I .
From the Zeeman splitting, it is found that this QDH has large electron g-factors in the range «g« ³ 3-11; furthermore, the g-factors strongly depend on the orbital states. In the previous study on InAs QDs in the few-electron regime, the decrease in the g-factor for the higher orbital state was reported and was attributed to the weaker coupling between the conduction and valence bands or the extension of the wavefunction into the regions with low In content. 6) In this study, the g-factors show large variation similar to those reported for InAs and InSb nanowire QD devices. 13, 14) This orbital-dependent electron g-factor arises from the strong spin-orbit interaction in the InAs QDHs. [13] [14] [15] [16] [17] [18] The length of the QDH (³110 nm) is comparable to the spin-orbit length l SO in InAs nanowire QDs (l SO ³ 125 nm), 19) whereas it is much shorter than the spin-orbit length in self-assembled InAs QDs (l SO ³ 410 nm). 6) This suggests that the spin-orbit scattering events are not significant in this sample, in contrast to those in InAs nanowire QDs.
13) Theoretical calculations for metal nanoparticles reported the large variation of the gfactor depending on the spin-orbit scattering time and energy level spacing. 15, 16) In our InAs QDHs, the energy level spacing is much larger (¦E ³ 10-20 meV) than those in metal nanoparticles, and significant contributions from the orbital motion of electrons on the g-factor are expected. Although some theoretical works reported that the g-factor in a semiconductor quantum structure exhibits level-to-level fluctuations, 17, 18) the detailed analysis of the g-factor behaviors, which should take into account the orbital contribution and the spin-orbit interaction of InAs QDH, still remains to be carried out.
On the other hand, the diamagnetic shift in the QDs has been widely studied for the excitons in InAs QDs buried in GaAs or InP matrices, and the diamagnetic coefficients on the order of 10-25 µeV/T 2 have been reported. [20] [21] [22] However, there are few experimental reports on the diamagnetic shift in single-electron transistor samples, and this is the first report on the details of the orbital-dependent diamagnetic coefficient in the InAs QD/QDH systems. It is found that the sign of the diamagnetic coefficient changes following the sign change in the orbital angular momentum in the single-electron picture. As the angular momentum and size of the electron wavefunction increases for higher energy states, we find a very strong increase in the diamagnetic shift, e.g., £ 13-14 ³ 260 µeV/T 2 for the 13th and 14th peaks. This very large diamagnetic shift at large electron numbers originates from the large size of the InAs QDHs. Information on the orbitaldependent electron g-factors and diamagnetic shifts in the few-electron regime is useful for understanding the singleelectron orbital/spin states and the role of spin-orbit interaction in InAs QDHs, 23) which is important for electrical/ magnetic manipulation and readout of single charge/spin states in self-assembled InAs QDHs. 24) In summary, we have investigated single-electron magneto-tunneling through single self-assembled InAs QDHs coupled to ferromagnetic Ni electrodes. The samples exhibit clear shell structures, reflecting the anisotropic shape of InAs QDHs. The fabricated devices exhibit strongly orbitaldependent large diamagnetic shifts and Zeeman splittings. The observed large diamagnetic shifts reflect the large size of the electron wavefunction in the InAs QDHs. Strongly orbital-dependent large Zeeman splittings imply strong spin-orbit interactions in this system. These properties Table I . Electron g-factor, «g«, and diamagnetic coefficient (in µeV/T 2 ) for each orbital index. The results for the orbital index 1 (1s state) are derived from the magnetic field dependences of the 1st and 2nd Coulomb peak positions. The errors of g-factor mainly come from the error of the conversion factor defined as the conversion ratio of V G into energy. strongly suggest that the InAs QDHs are promising for the manipulation of single-electron orbital/spin states by external electric/magnetic fields.
